The behaviour of energetic aggregates was investigated for quasi-static compression and high strain rate thermomechanical compression behaviour that is coupled to laser irradiation. A dislocationdensity-based crystal plasticity formulation was used to represent energetic crystalline behaviour, a finite viscoelastic formulation was used for the polymer binder and a coupled electromagnetic (EM)-thermomechanical computational scheme was used to predict aggregate response. Aggregates with different crystal sizes were considered to account for physically representative energetic microstructures and to understand the effects of crystal-crystal and crystal-binder interactions. The presence of smaller embedded crystals in the binder ligaments inhibited viscous sliding, and resulted in global hardening of the aggregate, which led to large stress gradients, localized plasticity and dislocation-density accumulation. The embedded crystals also increased scattering of the EM wave within the binder ligaments and increased the localization of EM energy and laser heat generation. Geometrically, necessary dislocation densities and stress gradients were calculated to characterize how hardening at the binder interfaces can lead to strengthening or defect nucleation.
Introduction
Energetic aggregates have numerous applications for systems and devices that require rapid energy release, such as solid propellants, dynamites and polymer-bonded explosives (PBXs). Several applications involve laser irradiation, such as remote laser-based detection [1] [2] [3] [4] [5] , laser machining [6] and laserinduced ignition [7] . When subjected to high power density laser irradiation, extensive fracture, plastic deformation and localized hot spot formation occur in these energetic aggregates [7] [8] [9] . This indicates that the interaction of electromagnetic (EM) wave propagation, heat generation and induced high strain rate mechanical loads govern the material response under laser irradiation, and these phenomena must be considered to predict material behaviour.
Energetic aggregates, such as PBX, consist of many energetic crystals bonded together by a polymer binder, which is added to increase mechanical stability of the aggregate. Energetic crystals commonly used in energetic aggregates include RDX (cyclotrimethylene-trinitramine) HMX (cyclotetramethylene-tetranitramine) and PETN (pentaerythritol-tetranitrate), and common binder materials include estane, polychlorotriflouroethylene and hydroxyl-terminated polybutadiene [10] . The binder is typically present in 10-40% volume fractions, corresponding to mass ratios between 2% and 40% [11] . The resulting aggregate microstructure is highly heterogeneous, consisting of a wide range of energetic crystal sizes embedded within a polymer binder. The larger crystals present in these aggregates range from 150 to 600 µm, and the binder ligaments also contain many smaller embedded crystals ranging from 5 to 150 µm [12] [13] [14] . The response of these aggregates is thus a complex function of the energetic crystal behaviour, polymer binder stiffness and glass transition temperature, and the aggregate morphology and binder volume fraction [11, 15] .
The heterogeneous microstructure of energetic aggregates creates multiple pathways for energy localization under EM, thermal and mechanical stimuli. The primary initiation mechanism for energetic aggregates occurs via hot spot formation, where high temperatures accumulate in a localized area and accelerate the exothermic decomposition reaction. This can lead to widespread deflagration and possible detonations [16] [17] [18] . Under dynamic mechanical loads, hot spot formation is affected by microstructural characteristics, including voids [18] [19] [20] [21] , shear banding [22] , dislocation pile-ups [23, 24] and crystal size [25] . Hot spots can also be produced by laser EM energy localization, which is affected by laser wavelength [26, 27] , and defects such as dislocations [7, 28] and absorbing particle inclusions [7, 29] . Additionally, laser irradiation can induce hot spots through phase transformation in an oxidizer crystal amid associated mechanical deformations and microcracking processes [9] . EM wave scattering and attenuation within PBX materials is strongly dependent on EM wave frequency, crystal size and dielectric heterogeneity between the various crystal, binder and defect constituents [30] . In addition to hot spot formation, other failure modes observed under both quasi-static and dynamic loadings include crystalline fracture and debonding of crystals from the binder [11, 14, 15] .
Modelling efforts of laser interaction with energetic materials have accounted for varying degrees of microstructure complexity and used various methods to account for the EM laser heating. Laser heating of pure energetic crystals has been modelled using a Beer-Lambert absorption profile [31, 32] , and isotropically scattering medium formulations have been used to describe the EM wave propagation in [5-cyanotetrazolato-N 2 ] penta-amminecobalt (III) perchlorate pressed powders with carbon black inclusion particles [33] . Molecular dynamics simulations have been used to investigate EM laser-induced decomposition in αHMX molecules at very high power densities and short timescales on the order of picoseconds [34] . An EM finiteelement model loosely coupled with heat and mass transport models has been used to predict laser-induced ignition in homogeneous HMX containing a single SiC inclusion particle [29] . Additionally, efforts to predict an effective EM wavevector for THz wave propagation through granular PBX simulant aggregates that accounts for scattering between dielectric particles have used a dense medium model within the quasi-crystalline approximation [33] . However, most of these approaches have not considered coupled interactions between EM, thermal and mechanical phenomena in energetic aggregates such as PBX, where the heterogeneous microstructure plays a dominant role in material response. Through previous modelling efforts, the authors have shown that coupled interactions between EM laser absorption, thermal decomposition and adiabatic heating owing to shear strain localization can affect hot spot formation in energetic aggregates [35, 36] . Therefore, we undertake further efforts to fundamentally understand the effects of heterogeneous microstructure and material response under coupled EM-thermomechanical loading conditions.
The quasi-static and the coupled EM-thermomechanical response to high strain rate loads with laser irradiation has been investigated for RDX-estane aggregates containing both large RDX grains and smaller RDX crystals embedded in the binder ligaments. Aggregates with and without embedded crystals in the binder were studied to understand the effects of crystal size distribution and the crystal-crystal, and crystal-binder interfaces present in real energetic aggregates. Additionally, geometrically necessary dislocation (GND) densities were calculated to characterize the effects of shear strain localization and gradients at the interfaces. A two-dimensional plane strain model allows us to study aggregates with realistic crystal sizes and include the complex coupling of EM, thermal and mechanical behaviour with a reduced computational cost compared with full three-dimensional simulations. This paper is organized as follows: §2 presents the dislocation-density-based crystalline plasticity and finite viscoelasticity constitutive relations and the EM-thermomechanical coupling mechanisms, §3 presents the numerical approach required to couple EM and thermomechanical phenomena, §4 presents a discussion of the modelled material response and behaviour and §5 presents notable conclusions.
Formulation
This section presents the constitutive formulations used for the energetic crystals and polymer binder as well as the EM-thermomechanical coupling mechanisms.
(a) Multiple-slip dislocation-density-based crystal plasticity formulation
The dislocation-density-based crystal plasticity constitutive framework used for the RDX crystals is based on the formulation developed by Zikry [37] , Ashmawi & Zikry [38] and Shanthraj & Zikry [39] , and only a brief outline is presented here. It is assumed that the velocity gradient is decomposed into a symmetric deformation rate tensor D ij and an antisymmetric spin tensor W ij . The tensors D ij and W ij are then additively decomposed into elastic (*) and inelastic (p) components as (2.1a) and
and the rigid body spin is included in W * ij . The inelastic components are defined in terms of the crystallographic slip-rates as
where α is summed over all slip systems, and P (α) ij and ω (α) ij are the symmetric and antisymmetric parts of the Schmid tensor in the current configuration, respectively.
A power law relation is used to characterize the rate-dependent constitutive description on each slip system asγ
whereγ (α) ref is the reference shear strain rate that corresponds to a reference shear stress τ
is the resolved shear stress on slip system α, and m is the rate sensitivity parameter. The reference stress used is a modification of widely used classical forms [40] 
where τ (α) y is the static yield stress on slip system α, G is the shear modulus, nss is the number of slip systems, b (β) is the magnitude of the Burgers vector and a αβ are Taylor coefficients which are related to the strength of interactions between slip systems [41] . Thermal effects are included through the thermal softening exponent, ξ , and the ratio of current temperature T, to the reference temperature, T 0 .
Following the approach of Zikry & Kao [42] , it is assumed that the total dislocation-density, ρ (α) , can be additively decomposed into a mobile, ρ (α) m , and an immobile dislocation-density, ρ (α) im , for a given deformed state of the material. Furthermore, the mobile and immobile dislocationdensity evolution rates can be coupled through various interaction mechanisms, including the formation and destruction of junctions as stored immobile dislocations act as obstacles for evolving mobile dislocations. This is the basis for taking the evolution of mobile and immobile dislocation densities as
where g sour is a coefficient pertaining to an increase in the mobile dislocation-density owing to dislocation sources, g mnter is a coefficient related to the trapping of mobile dislocations owing to forest intersections, cross-slip around obstacles or dislocation interactions, g recov is a coefficient related to the rearrangement and annihilation of immobile dislocations and g immob is a coefficient related to the immobilization of mobile dislocations. These coefficients are obtained as a function of the deformation mode as outlined in Shanthraj & Zikry [43] .
(b) Finite viscoelastic constitutive formulation
Temperatures generated by laser irradiation are well above the glass transition temperature of estane, which is approximately −40 • C [44] . Thus, a finite viscoelastic constitutive relation based on the approach of Kaliske & Rothert [45] is used to account for the nonlinear viscous relaxation behaviour at operating temperatures above the glass transition.
Following a generalized Maxwell model, the stresses are decomposed into deviatoric and hydrostatic components. The hydrostatic stress is updated using finite elasticity through the deformation-rate tensor and the Jaumann rate of Cauchy stress aŝ
where D HYD is the hydrostatic component of the deformation rate tensor, σ n HYD is the hydrostatic stress at the current timestep, and W is the total spin tensor. C HYD is the isotropic elastic material matrix for plane strain.
The deviatoric stress is updated as the sum of contributions from each element in the Maxwell model as 
where H n j is the viscous stress at the current timestep, t is the timestep size, τ j is the relaxation time, G j is the shear modulus of the spring-dashpot element, G 0 is the shear modulus of the lone spring and σ n 0 DEV is the deviatoric component of the lone spring at the current timestep. The total energy dissipated by viscous stresses and relaxation of all the Maxwell elements over time (E viscous ) is obtained as
The time-temperature superposition theory of Williams, Landel and Ferry (WLF) [46] is used to modify the relaxation times through the use of a shift factor, a T . Mas et al. [44] have fitted temperature data for estane to the WLF equation as
where T 0 is a reference temperature and T is the current temperature. The relaxation time for the Maxwell element j is related to the temperature shift factor as
(c) Electromagnetic-thermomechanical coupling EM wave propagation within a material is governed by Maxwell's equations and the material's electrical properties. Most energetic materials are dielectrics with very low electrical conductivity and unique absorption spectra in the infrared wavelength range corresponding to molecular structure in the crystals [30] . Thus, we neglect electrical conduction and magnetic effects. Additionally, we assumed that a harmonic electric field is appropriate to model laser pulses with microsecond durations. Thus, the electric field distribution as a result of laser irradiation in a perfect dielectric material is obtained from
where E is the electric field vector, λ is the wavelength, and n and k are the real and imaginary parts of the material refractive index. The electric field intensity is obtained as
where ε 0 is the permittivity in vacuum and c is the speed of light in vacuum. The material absorption coefficient is related to the imaginary part of the refractive index and the incident wavelength as
The primary coupling mechanism for dielectric materials occurs as the propagating EM wave is absorbed and converted to heat within the material through molecular polarization and vibrations. Assuming that all the absorbed energy is converted to heat and that electrical conduction current is negligible, the volumetric laser heat generation rate is obtained from the electric field intensity and absorption coefficient aṡ Additionally, during high strain-rate deformation, adiabatic heat generation owing to plastic work in crystalline materials is assumed aṡ
where χ is the fraction of plastic work converted to heat, and σ ij is the deviatoric stress. Energetic crystals can also produce heat through an exothermic thermal decomposition reaction, which is assumed to occur as a single-step Arrhenius process [48] described bẏ q decomposition = ρ HZe (−E a/RT ) , (2.18) where ρ is the mass density, H is the heat of decomposition, Z is a pre-exponential factor, E a is the activation energy of decomposition, R is the universal gas constant and T is the current temperature. Heat generated owing to viscous sliding in the polymer [49] is given aṡ where ρ is density, c p is specific heat at constant pressure and κ is thermal conductivity.
Numerical methods
EM wave propagation, thermal conduction and inelastic deformation occur on different time and length scales associated with the physical system, such as incident EM wavelength and microstructural morphology. Thus, we used a computational framework that obtains EM and thermomechanical quantities using separate domains and passes information sequentially between them [47] . Additional numerical techniques for the thermomechanical domain were developed by Zikry [37] for rate-dependent crystalline plasticity formulations, and a brief outline is presented here. The total deformation rate tensor, D ij , and the plastic deformation rate tensor, D p ij , are needed to update the material stress state. For quasi-static analysis, an incremental, iterative approach using the quasi-Newton-Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm scheme is used to determine the nodal displacements. For dynamic deformations, an explicit method is used with lumped mass, four-point integration, central-time-difference and stiffness-based hourglass control. Details for this dynamic approach are given by Shanthraj & Zikry [43] . The time-varying temperature histories are obtained from a finite-element solution of equation (2.20) , using Crank-Nicholson direct time integration as in Brown et al. [35] and Labarbara et al. [50] .
Results
A model consisting of four RDX crystals separated by ligaments of estane polymer binder was used to study crystal-crystal and crystal-binder interfaces in energetic aggregates. Quasistatic and coupled dynamic EM-thermomechanical behaviour were studied. Because energetic aggregates vary greatly in composition, crystal size and binder volume fraction, a representative volume element size must be carefully chosen and will vary depending on these features for a particular aggregate [51] . The proposed modelling approach is designed to study the effect of crystal-crystal and crystal-binder interfaces present in many different energetic materials; thus, they are based on representative microstructural features and sizes rather than a specific material composition. Aggregates or composites with different grains and binder volume fractions have been investigated in our previous work for comparison [36, 52] .
Two different 1 mm × 1 mm aggregates were investigated. The first aggregate contained four RDX crystals approximately 425 µm in diameter separated by binder ligaments 150 µm thick. The volume fraction of RDX crystals was approximately 70%, and the volume fraction of binder was approximately 30%. The second aggregate had the same crystal and binder arrangement with the addition of irregularly shaped RDX crystals embedded in the binder ligaments. These embedded crystals had average diameters between 20 and 150 µm (figure 1), and they were chosen to represent the wide range of crystal sizes present in energetic aggregates [13, 14] . For this aggregate with embedded crystals, the large RDX grains had a volume fraction of 70%, the embedded crystals had a volume fraction of approximately 10%, and the binder had volume fraction of approximately 20%. The RDX crystals had randomly generated orientations between −15 • and 15 • from the reference axes, such that the maximum angular misorientations at the crystallinecrystalline grain boundaries was 30 • , and these orientations provide a physically representative random distribution for crystalline materials [53] .
The RDX crystals were assumed to have three independent slip systems of (010) [001], (021) [100], (021) [100], based on Gallagher et al. [54] . The mechanical, thermal and electrical properties used for the RDX crystals are shown in table 1. Dislocations in RDX crystals are reported to have large Burgers vectors, large self-energies and relatively low densities [61] . Owing to lack of quantitative experimental data for RDX; however, we estimated the initial dislocationdensity values to be near values reported for metallic crystalline materials. The estane binder was modelled as a viscoelastic material, where properties for each Maxwell element were obtained from the experimental data of Mas et al. [44] . The thermal and electrical properties used for the estane binder are given in table 1.
The thermomechanical domain was modelled using symmetry boundary conditions for plane strain loading conditions. This was chosen to facilitate comparisons with experiments, where both constrained and free surfaces are present in a specimen. For quasi-static loading conditions, [42, 61] owing to lack of experimental data for RDX.
a compressive displacement boundary condition was applied to the top surface for a strain rate of 10 −3 s −1 (figure 1a). There was no laser coupling for the quasi-static case owing to the much shorter timescales associated with laser-induced heat generation. For dynamic loading conditions with laser irradiation, the compressive displacement boundary condition was applied to the top surface for a dynamic strain rate of 10 3 s −1 , and it was coupled to the EM domain to include effects of EM wave propagation and laser heating (figure 1b).
(a) Quasi-static response of aggregate with embedded crystals in binder Figure 2 shows the stress and pressure distributions for the aggregate with embedded crystals in the binder after compression to 8% nominal strain with the quasi-static strain rate of 10 −3 s −1 . The lateral stresses (figure 2a) were generally tensile throughout the large grain interiors, but high tensile stresses up to 800 MPa and compressive stresses up to 1600 MPa were present at the crystal-binder interfaces. These localized stresses were four to eight times greater than the stresses in the grain interiors. Compressive lateral stresses built up in the horizontal binder ligaments in regions between the large grains and the embedded crystals where the binder thickness was approximately 10-20 µm. The normal stresses (figure 2b) were generally compressive between 400 and 1000 MPa throughout the large grains. Additionally, high compressive normal stresses up to 1600 MPa were present in the embedded crystals in the horizontal binder ligaments and also in the larger grains at these crystal-crystal interfaces. The localized normal stresses were approximately two times greater than the stresses in the grain interiors. The vertical ligaments of the binder had some tensile stresses up to 400 MPa, particularly in the thin sections of binder between the embedded crystals and the large crystals. This resulted as the horizontal binder ligament bulged outward at the free edge.
Shear stresses (figure 2c) were primarily concentrated at the crystal-crystal interfaces between the embedded crystals and large crystals with magnitudes up to 600 MPa, as these locations also had large lateral and normal stresses. High hydrostatic pressures (figure 2d) also developed at regions where the embedded crystals, larger crystals and polymer binder meet as well as in the corners of the embedded crystals. This resulted from the embedded crystals pushing against the larger grains as the polymer binder deformed and resulted in both tensile and compressive pressures at the crystal-crystal and crystal-binder interfaces. Figure 3 shows the stress distribution along a horizontal line at y = 0.6 mm for the aggregate with embedded crystals in the binder (figure 3a) compared with the aggregate without embedded crystals (figure 3b). For the aggregate containing embedded crystals, normal, lateral and shear stress components showed many variations as a function of x-coordinate and had localized areas with high stress. The maximum normal stress was 1800 MPa in compression, the maximum lateral stress was 1400 MPa in compression and the maximum shear stress was 500 MPa. At x = 0.4 mm, there was a large mismatch in normal stress at the crystal-binder interface from compressive stress approximately 1200 MPa within the large grains to lower compressive stress approximately 200 MPa in the binder for a stress difference of 1000 MPa. At x = 0.6 mm, the line crosses an interface between a large crystal, smaller embedded crystal and the polymer binder. This was the location of both the maximum normal stress (−1800 MPa) and the largest mismatch in the normal, lateral and shear stresses. At this location, the normal stress was approximately 100 MPa tension in the embedded crystal and approximately 1800 MPa compression in the large crystal, for a stress mismatch of 1900 MPa.
By contrast, the maximum normal stress in the aggregate without embedded crystals was between 300 and 400 MPa in compression, and both lateral and shear stresses had magnitudes less than 100 MPa. The only large mismatch occurred in the normal stress at the crystalbinder interfaces (x = 0.4 mm and x = 0.6 mm), from compressive normal stress approximately 300 MPa in the large grains to tensile normal stress approximately 20 MPa in the binder for a stress difference of approximately 320 MPa. The lateral and shear stresses were homogeneously distributed within the aggregate, with no build up at the crystal-binder interfaces. This shows that the addition of embedded crystals in the binder ligaments greatly increased the magnitude of stresses present in the aggregate and also resulted in a much more non-uniform stress state with large stress mismatches at the crystal-binder and crystal-crystal interfaces. This emphasizes the importance of particle contiguity between the relatively hard energetic crystals contrasted with the softer polymer matrix as discussed by Armstrong [23] . Additionally, the interaction between embedded crystals, large crystals and viscoelastic binder produced a multiaxial stress state with significant components of lateral, normal and shear stress. Hence, the gradients of these stresses were also spatially smooth.
As a result of the large stresses and stress gradients present in the aggregate containing embedded crystals, crystalline plastic shear strain (figure 4a) accumulated at the interfaces between embedded crystals in the binder and the large RDX crystals. The plastic shear strain was localized at the corners of the embedded crystals and extended into the interior of the large RDX crystals. Areas where viscous sliding occurred in the binder were identified by considering the energy dissipated by the viscous deformation of the polymer (equation (2.10) ). This viscous dissipated energy (figure 4b) was concentrated within the horizontal binder ligaments in areas of binder between two embedded crystals or between an embedded crystal and a large crystal. In these regions, the thickness of the binder ligament was reduced from the nominal binder thickness of 150 to approximately 10-20 µm owing to the presence of the embedded crystals. Viscous energy dissipation was prevalent in these thin binder areas as the embedded crystals obstructed widespread deformation of the binder and caused sliding to become localized around the embedded crystals. Additionally, viscous energy dissipation occurred as the binder ligament bulged outward at the free surface. This is consistent with deformation mechanisms identified for PBX simulant aggregates under compressive loads with in situ X-ray tomography, where most deformation takes place in the polymer binder material but the overall aggregate response is governed by a combination of binder sliding, crystal-crystal interactions, binder ligament thickness and debonding between the crystals and binder [15] . Protrusion of crystals and binder at the specimen free edges has also been observed [11, 15] . Furthermore, the binder can become less compliant when confined owing to high pressures [62] .
Dislocation activity for both immobile (figure 4c) and mobile (figure 4d) statistically stored dislocation (SSD) densities accumulated primarily on the slip system (010) [001] at the crystalcrystal interfaces between embedded crystals and the large RDX grains. The other two slip systems both had less than two times the initial immobile dislocation-density. These SSD densities up to 800 times the initial immobile dislocation-density evolved as a function of the high stresses at the interfaces. The dislocations can also become trapped at the interfaces owing to misorientations between embedded crystals and the large crystals and the inability to transmit into the amorphous binder material. Similar effects have been observed at crystalline-amorphous interfaces in metallic glass laminates, where dislocation build up at the interfaces can increase hardening of the material [63] , or alternatively may result in grain sliding at the crystallineamorphous interface, which reduces stresses compared with crystal-crystal interfaces [64] .
The inhomogeneous stress states, localized plastic shear slip and dislocation-density accumulation resulting from interactions between the large grains, embedded crystals and polymer binder are consistent with thermomechanical behaviour of energetic aggregates. Mechanical spectroscopy tests of PBX 9501 showed that material behaviour was governed by crystal-binder interactions, and strongly affected by the cohesive properties at the crystal-binder interface, viscoelastic behaviour of the polymer and the volume fraction of interfaces between crystals and binder, all of which contribute to the heterogeneity of local stresses within the aggregate [65] . Additionally, quasi-static compression experiments of PBX simulants showed that crystal-crystal interactions, in the absence of binder material, led to higher local stresses in the aggregate [15] . This is consistent with our predictions of high interfacial stresses between embedded crystals and the large grains.
Based on these predictions, we wanted to gain deeper understanding of crystallineamorphous and crystalline-crystalline interactions. Therefore, we considered geometrically GNDs, which accumulate to accommodate lattice misorientations that occur owing to large gradients of plastic slip [66, 67] . Edge GND (ρ (α)
GND,e ) form owing to gradients of plastic slip along the slip direction (s (α) ) of slip system α as
and screw GND (ρ (α) GND,s ) form owing to gradients of plastic slip along the dislocation line vector (l (α) ) as
The plastic strain gradients in the normal direction (n (α) ) do not contribute to the GND formation [68] . The GND were present in both edge (figure 5a) and screw (figure 5b) type on the slip system (010) [001] , shown normalized by the initial immobile dislocation-density. Very little GND activity occurred on the other two slip systems. The GND densities are primarily of edge type and are roughly an order of magnitude less than the SSDs (figure 4c,d), with maximum GNDs that are 12 times the initial immobile dislocation-density. Because the slip direction and the dislocation line vector are normal to each other, each slip system will contribute primarily either edge or screw-type GNDs.
Similar to the SSD, the GNDs formed in areas of high shear slip at the crystal-crystal interfaces between large RDX grains and embedded crystals in the binder ligaments. However, because GNDs form to accommodate lattice mismatches produced by gradients in shear slip, this type of dislocation-density extended into the grain interiors following lines of high shear slip gradient between slipped and undeformed crystalline material. While SSD accumulation was the dominant form of dislocation activity, the localized shear slip gradients resulted in GND formation that was an additional hardening mechanism at the crystal-crystal and crystal-binder interfaces. Figure 5c shows GND build up along a horizontal line at y = 6 mm traversing the crystalbinder and crystal-crystal interfaces. The dashed vertical lines indicate the location of the binder ligament edges. The GND accumulation along this line (figure 5c) is concentrated at the interface between an embedded crystal in the binder and the large grain at x = 0.6 mm. At this location, the shear slip gradient was approximately 6000 m −1 over a length scale of 10-100 µm, which led to the formation of GND in both the large grain and the smaller embedded crystal. This GND accumulation can lead to hardening at the crystal-crystal interface and potentially act as a strengthening mechanism for the aggregate [68] . Furthermore, several numerical studies suggest that blockage of dislocations at interfaces can lead to plastic strain gradients and hardening [69] , and that an elastic modulus mismatch at an interface will affect the plastic strain gradients, GND accumulation and hardening behaviour by relaxing elastic back-stresses from dislocation pileups [70] . These results indicate the significance of dislocation trapping at crystal-crystal and crystal-binder interfaces, which could lead to pile-up avalanches and hot spot formation [23, 61] .
The crystal-binder and crystal-crystal interfaces are locations of high stresses, crystalline shear slip and dislocation-density build-up of both SSD and GND types. The large stress mismatches between high localized stresses in the large crystals and much lower stresses in the binder (figures 2 and 3a) produced stress gradients along the crystal-binder and crystal-crystal interfaces. The gradient magnitude is shown normalized by the static yield stress (figure 6) to evaluate the gradients in terms of non-dimensionalized stresses. Large stress gradients on the order of 100 000-200 000 m −1 were present in both normal stress (figure 6a) and lateral stress (figure 6b) along the crystal-binder interfaces. This resulted from the large changes in stress up to five times the static yield stress over spatial length scales on the order of 10-100 µm in these regions.
Furthermore, the largest gradients were at the interfaces of embedded crystals in the binder and the large crystals, which can be seen from a line plot of stress gradient magnitude along the horizontal line y = 0.6 mm (figure 6c). These high stress gradients over small length scales could lead to crack nucleation, should the stress gradient at the interface exceed some critical value. By considering the location of maximum stress gradients in addition to areas with high stresses, the regions where embedded crystals, large crystals and binder converge are the most likely locations for failure and crack nucleation. This is in line with experimental observations of failure in PBX simulant aggregates under uniaxial compression, where the predominant mode of failure is debonding between the larger crystals and the surrounding binder filled with fine embedded crystals [11] . Additionally, for quasi-static Brazilian tests of PBX 9501, which induce tensile stresses at the aggregate centre, debonding failure initiated at the periphery of large crystal particles, particularly at crystal-crystal interfaces with no binder ligaments in between them [14] . By comparing the current model predictions with these experimental observations, there exists a competing effect of hardening owing to GNDs and SSD dislocation accumulation and potential failure owing to high stress gradients at the crystal-binder and crystal-crystal interfaces. We expect these behaviours and deformation mechanisms predicted by our two-dimensional model to also be characteristic of the full three-dimensional material response, albeit their magnitudes and specific areas of localization would likely be different. This is supported by qualitative similarity of our results with experiments performed on three-dimensional specimens as discussed above. However, we conjecture that three-dimensional models would provide better understanding of the slip behaviour in energetic crystals, because slip activity is very dependent on the orientation of the crystals, and interactions at the interfaces may play an even more critical role.
(b) Dynamic coupled laser response
For the aggregate response to high strain rate dynamic loads coupled with laser irradiation, coupling between the thermomechanical and EM domains was considered as shown in figure 1b. High strain rate loads were applied to the thermomechanical domain for a strain rate of 10 3 s −1 . For the EM domain, the laser energy was applied to the top surface as a Gaussian beam centred at x c = 0.5 mm with a radius (r) of 0.5 mm. The beam was polarized in the out-of-plane direction (z) and specified to propagate in the y-direction. The applied electric field (E) is given as a function of beam dimensions and local x-coordinate (x) as
where the electric field magnitude at the beam centre (E 0 ) was specified as 0.87 mV m −1 . This corresponds to an intensity of 1 × 10 5 W cm −2 . Perfectly matched layers were used on the sides and lower surface of the EM domain to reduce artificial reflections of the EM wave from the boundaries. A wavelength where EM energy is weakly absorbed in both RDX and estane was investigated (estimated at 10.3 µm), and the assumed material refractive index values are shown in table 1.
The nominal stress-strain curves for coupled high strain rate compression for a strain rate of 10 −3 s −1 and laser irradiation for aggregates with and without embedded crystals are shown in figure 7 . The normal stress distributions are shown as insets at the corresponding nominal strains of 2.5% and 3.5% for the aggregate with embedded crystals, and at 6% and 7% for the aggregate without embedded crystals.
The aggregate containing embedded crystals in the binder had much higher global stresses than the aggregate without embedded crystals. This resulted as the embedded crystals restricted viscous sliding deformation in the binder similar to the mechanisms in the quasi-static deformation, which produced high localized stresses and stress gradients at the crystal interfaces.
In both aggregates, the large stress gradients present at the interface between the large grains and the polymer binder eventually spread into the large grain interiors and resulted in high localized compressive stresses up to 3000 MPa. This was also accompanied by a rapid increase in global stresses. For comparison, the highest stresses in the quasi-static response of the aggregate with embedded crystals were between 1600 and 1800 MPa (figure 2). This increase in dynamic stress occurred owing to dynamic wave reflections and the strain-rate-sensitive response of the aggregate associated with the high strain rate load induced by the laser [15, 65] . These high stresses occurred after 3.5 µs at a nominal strain of 3.5% in the aggregate with embedded crystals, and after 7 µs at a nominal strain of 7% in the aggregate without embedded crystals. As such, the lack of crystal-crystal interfaces in the aggregate without embedded crystals delayed the evolution of high stresses and stress gradients compared with the aggregate with embedded crystals.
(i) Coupled dynamic response of aggregate with embedded crystals in the binder Figure 8 shows the electric field and laser heat generation rate for the aggregate with embedded crystals in the binder after 3.5 µs of applied laser energy and high strain rate compression for a strain rate of 10 3 s −1 . The electric field is normalized by the incident electric field (figure 8a) and is generally reduced to between 0.8 and 0.6 times the incident field throughout the large crystals as some of the EM energy is absorbed.
The embedded crystals within the binder ligaments caused local scattering of the EM wave and electric field concentrations up to 1.8 times the incident electric field within the binder ligaments. This is due to the mismatch of refractive index between the crystals and binder materials, which caused internal reflection and refraction of the EM wave at each crystal-binder interface [30] . As a result, the electric field in the large crystals below the horizontal binder ligament is more disrupted and less uniform than the electric field in the upper grains. These scattering effects are expected to be even more pronounced in real, three-dimensional materials owing to the additional heterogeneously distributed crystals and interfaces through the thickness dimension.
The laser heat generation rate (figure 8b) is concentrated in the two large grains above the horizontal binder ligaments. Because the absorption coefficient of RDX is slightly higher than that of estane at this wavelength, the embedded crystals within the binder had higher laser heat generation rates than the surrounding binder material. Some of these embedded crystals had an even higher laser heat generation rate where an electric field concentration occurred, because the laser heat generation is the product of electric field intensity and material absorption coefficient. The laser heat generation rate in the large crystals below the horizontal binder ligaments was much lower and less uniform owing to the reduced electric field present in these crystals. Figure 9 shows the evolution of crystalline plastic shear slip and viscous energy dissipation in the aggregate with the embedded crystals in the binder after 2.5 µs and after 3.5 µs.
At the earlier time of 2.5 µs, crystalline plastic shear strain (figure 9a) began to accumulate at the crystal-crystal interfaces and corners between the large grains and embedded crystals similar to the quasi-static loading. The energy dissipated by viscous sliding (figure 9c) was concentrated in the horizontal binder ligaments, particularly in the thin regions between the embedded crystals.
Comparing the response at 2.5 µs (figure 9a,c) with the response at 3.5 µs ( figure 9b,d ), high localized stresses (figure 7) were accompanied by a large build-up of crystalline plastic shear strain (figure 9b) in the large grains and viscous energy dissipation (figure 9d) throughout the binder ligaments much more widely distributed than for the quasi-static loading. This resulted as large stress and pressure gradients between the small crystals, binder and large grains accumulated at the interfaces and spread into the large grain interiors very quickly under the high strain rate loads. The dynamic laser irradiation with high strain rate loads also resulted in large temperature accumulation throughout the aggregate from the various heat generation mechanisms, shown in figure 10 normalized by the initial temperature of 293 K.
The total temperature increase (figure 10a) was 1.1-1.3 times the initial temperature throughout the upper large grains, with several localized areas with increase greater than 1.6 times the initial temperature. Temperature increases of this magnitude can trigger a runaway thermal decomposition reaction and result in hot spot formation [48, 50] . In this case, the thermal decomposition mechanism (equation (2.18)) was beginning to produce significant heating at these localized sites and hot spot formation was likely. The laser-induced temperature increase (figure 10b) was concentrated in the upper half of the aggregate between 1.1 and 1.3 times the initial temperature, as the embedded crystals in the binder disrupted smooth propagation of EM waves and reduced the laser heating in the lower grains. High temperature increases owing to plastic work heating up to 1.6 times the initial temperature (figure 10c) were localized in areas with large crystalline plastic shear strain accumulations in the large grains (figure 9b). Viscous heating (figure 10d) was present throughout the binder ligaments, but was less than 1.1 times the initial temperature and much lower than the other heat generation mechanisms. From figure 10a-d, laser heating increased the bulk temperature in the upper grains, and plastic work heating occurred in areas with high shear slip to produce localized areas with high temperature increase and activate the thermal decomposition mechanism. (ii) Coupled dynamic response of aggregate without embedded crystals in the binder Figure 11 shows the electric field normalized by the incident electric field and the laser heat generation rate for the aggregate without small crystals in the binder after 7 µs of laser irradiation and high strain rate compression for a strain rate of 10 3 s −1 . The response of this aggregate is shown at a later time than the aggregate with crystals embedded in the binder because it took a much longer time for high localized stresses and plasticity to develop in this aggregate.
Most of the large crystals had an electric field magnitude between 0.4 and 0.8 times the incident electric field (figure 11a). Electric field concentrations approximately 1.2 times the applied field were present within the vertical ligaments of the binder owing to internal reflections at the crystal-binder interface. However, there was much less scattering of the EM wave when compared with the aggregate containing embedded crystals in the binder, and the large crystals below the horizontal binder ligaments had a much more continuous electric field distribution.
The laser heat generation rate (figure 11b) was also much more uniform than the aggregate containing embedded crystals in the binder, especially in the large crystals below the horizontal binder ligaments. Electric field concentrations in the vertical binder ligaments led to laser heat generation rates comparable to those present in the large grains, whereas the horizontal binder ligaments had lower electric fields and less laser heating. Figure 12 shows the evolution of crystalline plastic shear slip and viscous energy dissipation in the aggregate without embedded crystals in the binder after 6 µs and after 7 µs. At the earlier time of 6 µs, crystalline plastic shear strain (figure 12a) began to accumulate in the large grain corners where high stress gradients were present (figure 7). However, shear strain accumulation was delayed compared with the aggregate with embedded crystals, which began to accumulate plastic shear strain with comparable magnitudes after the much shorter time of 2.5 µs (figure 9a). In this case, the binder protruded outward substantially from between the large crystals as its sliding deformation was uninhibited by any embedded crystals. As such, viscous energy dissipation (figure 12c) was prevalent throughout both the vertical and horizontal binder ligaments.
At the later time of 7 µs, crystalline plastic shear strain accumulation (figure 12b) in the large grains followed a similar pattern to the case with embedded crystals in the binder and had much greater magnitude than at 6 µs (figure 12a). However, the maximum value of localized shear slip in this aggregate was 0.8, which was less than that in the aggregate with embedded crystals at the earlier time of 3.5 µs. The energy dissipated by viscous sliding (figure 12d) increased in magnitude from its value at 6 µs (figure 12c), and was concentrated at the junction between horizontal and vertical binder ligaments as the binder slid around the corner towards the free edge. The large amount of binder sliding delayed the onset of high stress build up and plastic shear strain accumulation compared with the aggregate with embedded crystals in the binder, where the embedded crystals restricted the binder's ability to slide. This can be seen by comparing the response of the aggregate with embedded crystals (figure 9) with the response of the aggregate without embedded crystals (figure 12).
The total temperature increase (figure 13a) ranged between 1.1 and 1.4 times the initial temperature, and had greater magnitude over a larger area than the case with embedded crystals in the binder. However, there were not any localized areas with very high temperatures above 1.4 times the initial temperature. The temperature increase owing to laser heating (figure 13b) followed the Gaussian spatial profile of the applied laser beam and extended into the lower grains, with much less disruption than the aggregate containing small crystals. The laser-induced temperature increases were 1.1-1.4 times the initial temperature, which is somewhat higher than the aggregate with embedded crystals, because this aggregate was exposed to the laser heating for a longer time of 7 µs (compared with 3.5 µs). The temperature increase owing to plastic work heating (figure 13c) occurred in localized areas with crystalline plastic shear strain accumulation up to 1.3 times the initial temperature, but was lower in magnitude compared with the aggregate containing embedded crystals. By contrast, the temperature increase owing to viscous heating (figure 13d) ranged from 1.1 to 1.2 times the initial temperature, which was higher than the aggregate containing embedded crystals owing to the greater amount of sliding in the binder.
Summary
The response of RDX-estane aggregates with and without embedded crystals in the binder ligaments, corresponding to various grain size distributions, was investigated for quasi-static loading and high strain rate loading coupled with laser irradiation. A nonlinear finite-element formulation was used that couples laser EM wave propagation and heat generation with a dislocation-density-based crystalline plasticity constitutive formulation for the RDX crystals and a finite viscoelastic constitutive formulation for the binder.
Quasi-static loading of the aggregate with embedded crystals in the binder ligaments resulted in inhomogeneous stresses throughout the aggregate, with high normal, lateral and shear stresses at the interfaces between small and large crystals. Crystalline plastic shear strain and SSDs accumulated primarily within the embedded crystals and at the interfaces between embedded crystals, large crystals and the binder. Energy dissipated by viscous sliding in the binder was concentrated in the thin regions of binder between the embedded crystals. Additionally, shear slip gradients led to GND accumulation at the crystal-crystal interfaces between the large grains and embedded crystals. Large stress gradients at the interface regions delineate locations of maximum stress mismatch and could lead to defect nucleation. For the aggregate with embedded crystals under high strain rate loading with laser irradiation, the EM waves were scattered by embedded crystals in the binder ligaments. This resulted in electric field concentrations within the vertical binder ligaments and reduction of the electric field in the large grains below the horizontal binder ligaments. High stresses and stress gradients built up at the crystal-crystal and crystal-binder interfaces, which spread into the large grains as loading continued. Crystalline plastic shear strain initiated at the crystal-crystal interfaces and developed at many locations in the large grains once large stress gradients had accumulated. Viscous sliding in the binder was another energy dissipation mechanism, but large deformations in the binder were constrained by the embedded crystals within the binder ligaments. High temperatures accumulated throughout the aggregate, primarily from laser heat generation and localized adiabatic heat generation in areas with large shear slip accumulations.
For the aggregate without any embedded crystals under high strain rate loading with laser irradiation, the electric fields produced by laser irradiation were more uniform throughout the large grains. The electric field was concentrated in the vertical binder ligaments, but there was no widespread scattering of the EM wave as seen when embedded crystals were present in the binder. The stresses throughout this aggregate were much lower than the aggregate with embedded crystals, and the response was governed by viscous sliding in the binder and binder bulging at the free edge. Large stress gradients initiating at the crystal-binder interface eventually extended into the grain interiors and resulted in widespread crystalline shear slip accumulation, but this effect was significantly delayed when compared with the aggregate containing embedded crystals in the binder. Temperature increases resulted from laser heat generation mechanisms, viscous heating owing to binder sliding, and adiabatic heating in localized areas with high shear slip accumulation.
For both quasi-static and high strain rate loading, the presence of embedded crystals in the binder ligaments restricted viscous binder sliding and resulted in global hardening of the aggregate, which led to large stress gradients, localized plasticity and dislocation-density accumulation. Under laser irradiation, the embedded crystals also increased scattering of the EM wave within the binder ligaments and increased the localization of EM energy and laser heat generation. High shear slip gradients at the crystal-crystal and crystal-binder interfaces led to GND build-up and hardening at the interface, but high interfacial stress gradients can lead to defect nucleation. 
